A study of the mechanical properties of adobe bricks collected from houses and land dividing walls in Aveiro district, Portugal, representative of existing traditional constructions, was conducted. Cylindrical adobe specimens were subjected to simple compression and splitting tests. From these tests it was possible to evaluate the strength capacity, stiffness and deformation evolution for increasing loading. Correlations between the evaluated properties were determined, and the results obtained for houses and land dividing walls were compared. This study contributes for the characterization of adobes traditionally used in Aveiro district, and provides reference values that can be considered in rehabilitation processes.
Introduction
Earth is one of the oldest and most widespread construction materials. It is estimated that approximately 30% of world population lives in earth buildings, and that about 50% of developing countries population, including the majority of rural population and at least 20% of urban and marginal urban population, lives in earth buildings [1] .
In the past, earth was also a very common construction material in Portugal. Adobe, in particular, was used throughout many years in almost all types of construction, in littoral center, particularly in Aveiro district [2, 3] . Construction with adobe declined in the middle of the 20th century, with the development of cement industry [4] . Presently, according to information from Aveiro municipality, about 25% of the existing buildings in Aveiro city are made of adobe and, for the entire district, this percentage rises to 40%. The important expression of this building system in some areas of Aveiro district has been confirmed by surveys carried out recently [5, 6] . Adobe can be found in several types of construction: rural and urban buildings, many of which are still in use, walls for the delimitation of properties, water wells, churches and warehouses ( Fig. 1) . Many of the urban adobe buildings present cultural, historical and architectonic recognized value, as for example the buildings of the ''Art Nouveau'' style.
The success of adobe construction in Aveiro district was principally a result of the characteristics of the existing available raw materials. The main applied raw materials were coarse sand, argillaceous earth and lime. The natural earth mixtures were corrected by the addition of clay or sand and it was also common the addition of fibers (straw or sisal, for example) to control cracking while adobes were drying in the sun.
Adobe is a construction material that presents several attractive characteristics. It is low cost, locally available, recyclable, adapted to a large variety of soils, presents good thermal and acoustic properties, and is associated to simple constructive methods that require reduced energy consumption [7] . Adobe construction, however, if not properly designed and strengthened, may present a deficient response when subjected to seismic actions, suffering severe structural damage and often reaching collapse, as observed in recent earthquakes [8, 9] .
The techniques adopted in the construction of adobe buildings in Aveiro district were based in the accumulated empirical knowledge, without a special concern with seismic safety. In addition, rehabilitation and strengthening of existing adobe constructions have been neglected during the last decades. As a result, this constructed park is not adequately reinforced to withstand seismic actions, suffering various structural anomalies and deficiencies. Structural rehabilitation of the existing adobe constructions is therefore demanded. It will contribute for an improvement in the quality of life of those who use these constructions and for an increase of associated safety levels, particularly if effective seismic strengthening is provided. It presents, however, important difficulties, especially due to the lack of existing knowledge concerning properties and characteristics of the mechanical behavior of adobe masonry. Technical studies of these properties and characteristics are necessary, and will constitute an essential instrument in the support of rehabilitation and strengthening projects, and also in the support of the design of new adobe constructions [10] . To contribute to this objective, a research group of the Civil Engineering Department, from University of Aveiro, has been developing studies and experimental tests [5, 6, [11] [12] [13] . The work in development intends to characterize the constructive and structural systems and common pathologies of the existing adobe constructions in Aveiro district, and to develop repair and strengthening solutions for these constructions.
In the investigation of the structural behavior of adobe buildings, the study of the mechanical behavior of the constituent materials of adobe masonry is an important first step [14] . A study of adobe specimens taken from houses and land dividing walls, representative of the existing construction in Aveiro district, has been conducted and is presented in this paper. Cylindrical adobe specimens were subjected to simple compression and splitting tests. These tests allow the evaluation of the strength capacity of the material, and the stiffness and deformation evolution for increasing loading. The results presented are important for the characterization of the adobes traditionally used in Aveiro district, and constitute reference values that can be considered in interventions on existing adobe constructions.
Standards and technical recommendations
It was conducted a research of the existing standards and technical recommendations for adobe construction. The following documents, which were considered the most complete, were carefully analyzed: 'Norma técnica de edificación NTE E.080 Adobe' [15] ; 'NZS 4297:1998 Engineering design of earth buildings' [16] ; 'NZS 4298:1998 Materials and workmanship for earth buildings' [17] ; 'NZS 4299:1998 Earth buildings not requiring specific design' [18] ; '2009 New Mexico earthen building materials code' [19] ; 'The Australian earth building handbook' [20] .
The consulted documents concern the testing of materials for new constructions, and the materials that are analyzed within this study were collected from old constructions, many of which are significantly degraded. Considering this and the limitations of the available laboratory facilities, it was verified that in the conduction of tests it would not be possible to rigorously comply with normative recommendations. The indications of the Australian handbook [20] , which are the most adequate to the available laboratory facilities, were considered, but were regarded as guiding references, and not as strict rules.
The consulted documents indicate flexural tests for the determination of the tensile strength. It was decided to conduct splitting tests, instead, as these are more adequate to the existing laboratory facilities. In addition, splitting tests present some advantages -a splitting test more closely resembles a direct tension test, and the obtained results are less variable than in a flexural test (according to studies on the testing of concrete specimens) [21] . The RI-LEM technical recommendation 'CPC 6 Tension by splitting of concrete specimens' [22] , which is addressed to concrete, was used as a guiding reference in the conduction of the splitting tests.
Selection, preparation and testing of specimens
For the experimental testing campaign, a set of samples representative of different existing adobe construction typologies was , for land dividing walls. The standards and technical recommendations for earth construction consulted in this study [15] [16] [17] [18] [19] [20] indicate that simple compression tests shall be conducted on adobe blocks or cubic specimens. These documents refer to new constructions, and thus to specimens that can be specifically molded for testing. The Australian handbook [20] admits the possibility of testing cylindrical specimens.
In this study, tests were conducted on cylindrical specimens with a height to diameter ratio of approximately 2, for the following reasons:
(a) Considering the limitations of the available laboratory facilities, the extraction of cylindrical specimens from existing adobe bricks is simpler than the extraction of cubic specimens as it only implies cutting and regularizing three surfaces; it is important to note, however, that the extraction of cylindrical specimens is only viable for adobe units that do not possess large particles in their constitution, as was the case of the majority of the adobes collected, because these particles can damage specimens during the extraction process. (b) When simple compression tests are conducted on cylinders with a height/diameter ratio of 2, the failure stress is closer to the unconfined compressive strength, when compared to the obtained in the testing of cubes, because the effects of end restraint are reduced (according to studies on the testing of concrete specimens) [23] . (c) According to the RILEM technical recommendation 'CPC 6
Tension by splitting of concrete specimens' [22] , splitting tests shall be conducted on cylindrical specimens with a height to diameter ratio of 2, and thus the process of preparation of specimens for both tests was simplified.
Cylindrical specimens were extracted from the collected adobe bricks with diameters ranging from 80 to 90 mm (Fig. 2) . A few specimens were extracted with smaller diameters due to defects in the adobe bricks. To facilitate the identification of the specimens and the analysis, the adobe cylindrical specimens were classified and labelled according to their provenience and to the type of test conducted.
The notation H W i aj c t was adopted, distinguishing:
-Adobe specimens (a) from houses (H) and land dividing walls (W). -Adobe specimens subjected to simple compression (c) and splitting (t) tests.
Index i represents the number of the construction to which the specimen belongs, and index j the number of the cylindrical specimen.
A total of 101 cylindrical specimens, 51 proceeding from houses and 50 from land dividing walls, were submitted to mechanical tests, using a universal mechanical compression testing machine (Shimadzu Autograph AG 25 TA). 83 specimens were submitted to compression, and 18 to splitting tests (Fig. 3) .
In the performed tests a uniform load was applied without shock and increased continuously until failure, with the moving head of the testing machine travelling at a rate of 1-2 mm/min, respecting the rate limits recommended in the Australian handbook [20] .
The testing rate limits indicated in 'CPC 6 Tension by splitting of concrete specimens' [22] , for splitting tests, are for load-controlled devices, and the available testing machine is strain-controlled. In addition, concrete is a material with higher strength capacity and stiffness than adobe, and thus the use of these rate limits would be inadequate for the testing of adobe specimens. Therefore, in the conduction of splitting tests a rate of 1-2 mm/min was also adopted.
Results
Compressive and tensile strengths of adobe bricks were obtained from simple compression and splitting tests, respectively (Table 1) .
Compressive strength, f c , is given by f c = F c /A, where F c is the failure load, and A is the cross-sectional area that resists the load. The tensile strength, f t , is given by f t = 2F t /(pDH), where F t is the failure load, D is the diameter of the specimen, and H is the height of the specimen [22] .
Modulus of elasticity (E) and strain at peak strength (e peak ) were also estimated (Table 1 ) from the stress-strain behavior curves obtained in simple compression tests (Fig. 4) . It is important to note that the deformations measured correspond to the relative displacements of the testing machine platens.
Analysis and discussion of results

Compressive and tensile strengths
The mean compressive strength, calculated per construction under analysis, ranges between 0.66 MPa (H_04) and 2.15 MPa (H_05) (Fig. 5) . The global mean compressive strength for specimens taken from houses is 1.32 MPa, and for specimens from land dividing walls is approximately 78% of that value (1.03 MPa). The results obtained for some of the analyzed constructions present high variability, which is expressed by the standard deviations presented in Fig. 5 . The variability between the mean results obtained for different constructions is also significant, and is larger (about 1.9 times) for houses, which present the lowest and highest mean compressive strength values (Fig. 5) .
The mean tensile strength, calculated per construction under analysis, ranges between 0.12 MPa (W_04) and 0.40 MPa (W_05) (Fig. 6) . The global mean tensile strength for specimens taken from land dividing walls is 0.22 MPa, and for specimens from houses is approximately 78% of that value (0.17 MPa). The results obtained for some of the constructions under analysis present high variability, expressed by the standard deviations presented in Fig. 6 . The variability between the mean results obtained for different constructions is also considerable.
Tables 2 and 3 present the limits indicated by different standards for compressive and tensile strengths, and the number of constructions analyzed that respect these limits. The strength values obtained for the tested adobe bricks are, in general, inferior to the minimum established limits. This comparative analysis is not rigorous, given that the strict indications of each standard for the conduction of tests were not followed, and that there are differences between splitting tensile strength and flexural tensile strength (compared in Table 3 ) that result from the different characteristics of the respective testing procedures and specimens. This analysis is only intended to provide a general indication of the quality of the studied adobes in terms of mechanical strength, compared to what is required for new constructions.
Values of strength obtained by other authors [24] [25] [26] [27] [28] for adobes from constructions in different countries are presented in Table 4 , In the calculation of the unconfined compressive strength limit, an aspect ratio factor of '0.7', which is indicated in the standard for cubic specimens, was introduced. This strength limit is for 'standard grade earth construction', as defined in the standard.
b The compressive strength value that is exceeded in 80% of the tested specimens was calculated considering a normal distribution of results. c This standard indicates that the compressive test shall be conducted on adobe blocks, in the flat position, but it does not indicate the dimensions of the blocks to be tested, nor recommends the use of an aspect ratio factor to take the confinement effect into account; therefore, these limit values are here considered without any correction and are thus significantly larger than the other limit values presented. [15] No indication --14.7.4 NMAC (New Mexico) [19] Mean tensile strength P0. together with the mean results obtained in the present study. In the majority of studies, simple compression tests were conducted on adobe bricks (or half bricks), and authors do not refer if a correction associated to the confinement effect was taken into consideration. The tensile strength values presented in these studies result from three point bending tests, while the values obtained in the present study result from splitting tests. Therefore, this comparative analysis is not rigorous, and aims only to provide a general indication of the quality of the studied adobes by comparison with adobes from constructions in other countries. From the comparison, it is verified that the obtained values are within the range of results obtained by other authors. Higher compressive strength values, in some of the studies, may be justified, in part, by the confinement effect in the testing of adobe blocks. The correlation between the tensile and compressive strengths of the tested specimens was studied. For each construction analyzed, the mean tensile strength was plotted against the respective mean compressive strength, and the best-fit linear correlation was determined (Fig. 7) . According to this best-fit correlation, tensile strength corresponds to approximately 18% of compressive strength.
'NZS 4298:1998 Materials and workmanship for earth buildings' [17] indicates that flexural tensile strength generally lies between 10% and 20% of compressive strength, and that the majority of results lie below 30%. Thus, the correlation obtained for the studied adobe specimens from splitting tensile tests is within the limits suggested in this standard for flexural tensile strength (Fig. 7) .
According to the Australian handbook [20] , the design characteristic compressive strength of adobe walls can be directly estimated from the experimental characteristic compressive strength of adobe bricks affected by a reduction factor of 0.4. The design characteristic compressive strength of adobe walls was estimated with this procedure for each construction analyzed. It varies between 0.08 MPa (W_09) and 0.50 MPa (W_05), and presents a global mean value of 0.27 MPa for houses and of 0.25 MPa for land dividing walls.
Strain at peak strength
The mean strain at peak strength, calculated per construction under analysis, ranges between 5.5‰ (W_04) and 28.2‰ (H_04) (Fig. 8) . The global mean strain at peak strength for specimens taken from land dividing walls is of 10.3‰, and for specimens from houses is approximately 95% of that value (9.8‰).
The results obtained for some of the analyzed constructions present high variability, which is reflected in the standard deviations presented in Fig. 8 . The variability between the mean results obtained for different constructions is also significant, and is larger (about 2.8 times) for houses, with house H_04 standing out with a mean strain value much larger than the obtained for other constructions (Fig. 8) .
Modulus of elasticity
The mean modulus of elasticity, calculated per construction under analysis, ranges between 51 MPa (H_04) and 448 MPa (H_05) Fig. 10 . Correlations between modulus of elasticity and compressive strength, for houses, land dividing walls, and all constructions. Fig. 11 . Correlation between modulus of elasticity and tensile strength.
( Fig. 9) . The global mean modulus of elasticity for specimens taken from houses is of 225 MPa, and for specimens from land dividing walls is approximately 65% of that value (147 MPa).
The results obtained for many of the analyzed constructions present high variability, expressed by the standard deviations presented in Fig. 9 . The variability between the mean results obtained for different constructions is also important, and is larger (about 1.7 times) for houses, which present the lowest and highest mean modulus of elasticity values (Fig. 9) .
The correlation between the modulus of elasticity and compressive strength of the tested specimens was studied. For each construction analyzed, the mean modulus of elasticity was plotted against the respective mean compressive strength (Fig. 10) . A linear correlation is evident and, to represent it, 3 best-fit lines were determined (Fig. 10 ) -considering the mechanical results from houses, from land dividing walls, and all results together. The following correlations were obtained: E = 181 f c , for houses; E = 163 f c , for land dividing walls; and E = 173 f c , for all constructions. 'NZS 4297:1998 Engineering design of earth buildings' [16] proposes a correlation of E = 300 f c for adobe masonry walls, which is also presented in Fig. 10 .
The correlation between the modulus of elasticity and tensile strength of the tested specimens was also studied, considering all the results (from houses and land dividing walls) as there are fewer results for tensile strength. For each construction analyzed, the mean modulus of elasticity was plotted against the respective mean tensile strength, and the following best-fit linear correlation was determined: E = 945 f t (Fig. 11 ).
Global appreciation of results and conclusions
A summary of the mean results obtained in the performed tests is presented in Table 5 . Houses present mean compressive strength and modulus of elasticity values superior to the ones presented by land dividing walls, and the opposite is verified for tensile strength values.
The results obtained for some of the analyzed houses and land dividing walls present high variability. The variability between the mean results obtained for different constructions is also significant and is in general considerably larger for houses. High variability of results was expected since, traditionally, the materials used in the production of adobes presented important heterogeneities and there were variances in production and curing procedures, even within the same construction process.
The results obtained are essential for the characterization of adobes used in traditional masonries of Aveiro district, and constitute important reference values to be considered in the rehabilitation of existing constructions and in the calibration of numerical models. It should be noted, however, that tests performed on adobe specimens can only be used as indicators of the quality of adobe, and not of masonry [15, 29] . Other studies have been developed by this research team to contribute to the characterization of the mechanical behavior of the adobe masonry system, by the experimental testing of masonry specimens [12, 30] .
The lack of European and, in particular, Portuguese normalization dedicated to earth construction became evident in the conduction of this study. The inexistence of recommendations directed to earth construction in the Eurocodes was also verified. Furthermore, the existing normalization is not complete and requires improvements. It is directed to the construction of new buildings and should also consider the rehabilitation of existing constructions, since there is a vast patrimony of earth construction in need of adequate repair and strengthening interventions. The procedures adopted in this study may serve as reference in the development of recommendations regarding the conduction of tests for the mechanical characterization of adobes from existing constructions.
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